Charged Higgs boson is a crucial prediction of new physics beyond the SM. In this work, we perform a comprehensive scan over the parameter space of NMSSM considering various experimental constraints including the direct search limits from the 13 TeV LHC, and consider the scenario that the next-to-lightest CP-even Higgs boson is SM-like. We find that the masses of charged Higgs bosons can be as light as 350 GeV, the lightest CP-even Higgs boson h 1 is predominantly singlet and can be as light as 48 GeV, and the lightest CP-odd Higgs boson a 1 is also singlet-dominated and can be as light as 82 GeV. The charged Higgs bosons mainly decay to tb ortb, but the branching ratio of the exotic decays H ± → W ± h 1 and H ± → W ± a 1 can maximally reach to 20% and 11%, respectively, which can be used to distinguish the NMSSM from MSSM. Such a heavy charged Higgs boson is unaccessible at the 13 TeV LHC with a luminosity of 36.1 fb −1 and its detection needs higher energy and/or higher luminosity.
I. INTRODUCTION
Both the ATLAS [1] and CMS [2] collaborations at the large Hadron Collider (LHC) announced the discovery of a Higgs boson with mass about 125 GeV in 2012, which implies that the standard model (SM) of elementary particles is fully established. However, many new physics models beyond the SM with extended Higgs sectors, such as the Minimal Supersymmetric Standard Model (MSSM) [3] , can also accommodate a 125 GeV Higgs boson.
The MSSM consists of two Higgs doublet fields, which generate the masses of up-and downtype fermions. To realize a 125 GeV Higgs, the MSSM needs large radiative corrections from the third generation squark loops [4] [5] [6] [7] , which makes the MSSM unnatural. And the MSSM also suffers from the µ-problem. However, these problems can be remedied in the Next-to-MSSM (NMSSM) [8] , which extends the Higgs sector with an additional Higgs singlet field S. The effective µ-term can be generated whenŜ acquires vacuum expectation value (vev).
The coupling between the singlet and doublet Higgs fields can easily enhance the mass of the Higgs boson to be 125 GeV without large radiative corrections [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . In contrast to the MSSM, the NMSSM has richer Higgs spectrum, which contains three CP-even Higgs bosons, two CP-odd Higgs bosons and a pair of charged Higgs bosons H ± . Needless to say, the discovery of extra Higgs bosons along with the SM-like Higgs boson will clearly confirm the existence of new physics beyond the SM.
Because of the different interactions and decay modes from neutral Higgs bosons, the studies of charged Higgs bosons have been received more and more attentions [21] [22] [23] [24] [25] . For charged Higgs bosons lighter than top-quark, they are mainly produced through top quark decay t → bH + , and primarily decay to τ ν and sc. For charged Higgs bosons heavier than top-quark, they are produced at the LHC directly through the processes pp → tbH ± , the pair production process pp → H + H − and also the associated production with a neutral
Higgs boson, then they may be searched via the relatively clean decay channel H ± → τ ν [26, 27] . When kinematically allowed, the charged Higgs bosons decay to tb ortb dominantly, but it is challenging to reconstruct such events due to the large irreducible SM backgrounds [28] . Besides the conventional search channels, the Higgs exotic decay modes [29] [30] [31] , such as H ± → W ± H/A (H/A denotes the neutral CP-even/CP-odd Higgs boson) [32, 33] have studied to provide complementary detection of charged Higgs bosons. So far, the void of any charged Higgs bosons signal events limits its production and decay in a model independent way, which in turn can be used to constrain the relevant parameter space.
In this work we examine the parameter space of NMSSM considering the experimental constraints from the 125 GeV Higgs data, B-physics observables, the dark matter direct detection, and also the LHC direct search limits. We find that the charged Higgs bosons in the NMSSM can be as light as 350 GeV, and the exotic decay modes of the charged
Higgs bosons are open, such as H ± → W ± h 1 and W ± a 1 (h 1 and a 1 are the lightest CP-even and CP-odd Higgs boson, respectively), which can be used to distinguish the NMSSM from MSSM. However, the LHC with the current luminosity has not found a charged Higgs boson.
To detect the charged Higgs bosons in the mass range 350-500 GeV, higher luminosity and/or higher energy collider is needed [32, 34] .
This work is organized as follows. In section II we briefly describe the NMSSM. In section III we first perform a comprehensive scan over the parameter space with the package NMSSMTools [35, 36] , then we further constrain the parameter space using the LHC direct search limits, and discuss the future detection of charged Higgs bosons at the LHC. Finally, the conclusions are drawn in section IV.
II. BASICS OF THE NMSSM
As the most economic realization of supersymmetry, the MSSM consists of two Higgs doubletsĤ u andĤ d . Different from the MSSM, the NMSSM adds one extra Higgs singlet fieldŜ. The superpotential and soft breaking terms in the Higgs sector of the NMSSM are given by
. (2) with W MSSM being the superpotential of MSSM without µ−term. At the tree level, the Higgs sector in the NMSSM consists of the following nine parameters: 
Assume H 1 = cos βH u −ε sin βH * d , H 2 = sin βH u +ε cos βH * d with ε being two-dimensional anti-symmetric matrix with off-diagonal elements of (1,-1), the Higgs fields in the NMSSM can be written as [18, 37] :
where G + and G 0 are Goldstone bosons. Obviously, the field H 2 corresponds to the SM Higgs field. At tree-level, the mass matrices M 2 S (under the basis (S 1 , S 2 , S 3 ))and M
P
(under the basis (P 1 , P 2 )) are given by, respectively,
Using the rotation matrices U S and U P to diagonalize the matrices M 2 S and M 2 P , respectively, the CP-even and CP-odd Higgs mass eigenstate can be obtained by 
and the couplings of charged Higgs boson with the third generation fermions are as follows,
In the neutralino sector, the gauginosB andW 0 mix with the neutral Higgsinos 
with M 1 (M 2 ) being Bino (Wino) mass term, and g 1 , g 2 being SM gauge couplings. Using the rotation matrix N to diagonalize the matrix M 0 , the mass eigenstatesχ 
III. CALCULATIONS AND NUMERICAL RESULTS

A. Scan strategies and preliminary results
We use the package NMSSMTools [35, 36] to obtain the particle spectrum, decay branching ratios of Higgs bosons and relevant couplings. Firstly we fix the gluino mass to be 1900
GeV and the soft breaking parameters in the first two generation squark to be 2 TeV. We assume the soft breaking parameters for the left-and right-handed states in the slepton sector to be ml = 350 GeV and A τ = A e = A µ = 1500 GeV. The absence of a Landau pole below the GUT scale implies that λ, κ ≤ 0.7. The lower limit on chargino masses from LEP is 103.5 GeV and the naturalness usually requires a low value of µ, so we choose 100
GeV
where M P is the singlet diagonal element of CP-odd Higgs mass matrix.
We pick up the samples that satisfy the following constraints:
• The direct mass bounds on Higgs bosons and sparticles from LEP and Tevatron experiments.
• The constraints from B-physics observables such as the branching ratio of processes
We require their theoretical predications is within 2σ range of the corresponding experimental values.
• The constraints from the dark matter relic density with 0.1068 < Ωh 2 < 0.13057 consistent with the Planck measurement [40] . Because of the existence of blind spots [41, 42] for neutralino dark matter in the NMSSM, we do not consider the constraints from dark matter direct detection experiments, such as LUX and XENON-1T experiments.
• The constraints from Higgs data. We assume the next-to-lightest CP-even Higgs boson being SM-like and satisfying 122 GeV ≤ m h 2 ≤ 128 GeV. We consider the constraints from LEP, Tevatron and LHC on the direct searches for neutral and charged Higgs bosons using the package HiggsBounds [43, 44] and perform the fit for the 125GeV
Higgs data using the package HiggsSignals [45-47].
In Fig.1 and Fig.2 we display the surviving samples in the U S 13 − m h 1 , U P 12 − m a 1 planes, respectively. Fig.1 shows that h 1 is predominantly singlet and can be as light as 48 GeV. Fig.2 shows that a 1 is also dominated by singlet component and can be as light as 82 GeV.
In Fig.3 In Fig.4 we show the different decay channels of charged Higgs bosons in the NMSSM.
From the figure, we can see that the dominant decay channel is H + → tb, which varies from 71% to 28%. Although the decay channel H ± → τ ± ν τ may be dominant for light charged Higgs bosons, in our case it is rather small. Firstly it is because the H ± τ ν τ coupling is suppressed for small tan β, which can be seen from Eq. (16 can be very light (see Fig.1 and Fig.2 To compare with the LHC direct search limits, we calculate the production cross section of the process pp → tbH limits for the charged Higgs bosons produced through the electroweak processes [48] :
and consider the decay channel of charged Higgs bosons to τ ± ν or W ± h 1 /a 1 . For the heavier neutral Higgs bosons h 3 and a 2 , their dominant decay channels are h 3 → a 1 Z, a 2 → h 1 Z.
For the lighter neutral Higgs bosons h 1 and a 1 , they mainly decay to bb with branching ratio close to 90%, and subsequently decay to τ + τ − with branching ratio close to 10%. In order to reduce the irreducible background, we consider the decay mode of
cross sections of processes pp → W ± * → H ± h 1 /a 1 are strongly correlated with the coupling So we consider the following final states,
We generate the parton level signal events using MG5 aMC-2.4.3 [49] with PYTHIA6 [50] performing parton showering and hadronization, then we use CheckMATE-2.0. with mass between 300 and 600 GeV may be observable at the LHC with L = 1000fb −1 .
Therefore, the future higher luminosity and/or higher energy colliders would be useful for the detection of charged Higgs bosons [52] [53] [54] . Because of the large SM backgrounds for the decay channel H + → tb and rather small decay branching ratio of the decay channel H ± → τ ± ν, no evidence of a charged Higgs boson is found at the LHC with L = 36.1fb −1 integrated luminosity. The future higher luminosity and/or higher energy colliders would be useful for the detection of charged Higgs bosons.
